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Abstract
In this paper we investigate the phenomenology of the U(1) gauge symmetry for right-handed
fermions, where three right-handed neutrinos are introduced for anomalies cancellation. Con-
straints on the new gauge boson ZR arising from Z − Z ′ mixing as well as the upper bound of
Z ′ production cross section in di-lepton channel at the LHC are presented. We further study the
neutrino mass generation and the phenomenology of ZR-portal dark matter in this model. The
lightest right-handed neutrino can be the cold dark matter candidate stabilized by a Z2 flavor
symmetry. Our results show that active neutrino masses can be generated via the modified type-II
seesaw mechanism; right-handed neutrino dark matter is available only for its mass at near the
resonant regime of the SM Higgs and/or the new bosons; constraint from the dilepton search at
the LHC is stronger than that from the Z − Z ′ mixing only for gR < 0.121, where gR is the new
gauge coupling.
∗ chaowei@bnu.edu.cn
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I. INTRODUCTION
Local U(1) extensions of the standard model (SM) are well-motivated new physics at the
TeV-scale. It can be constructed either from the bottom-up approach, such as the flavorful
gauge symmetry U(1)Li−Lj [1], or from the top-down approach, such as U(1)N [2] which
comes from the spontaneous breaking of the E6 grand unification theory. Many models
with new U(1) gauge symmetry have been proposed addressing various problems, such as
U(1)Li−Lj [1], U(1)N [2], U(1)B−L [3–5], U(1)B [6, 7], U(1)L [6–8], U(1)B+L [9, 10] generic
U(1) [11, 12] etc. For a review of various U(1) models and collider signatures of the U(1)-
related gauge boson, we refer the reader to Ref. [13] for detail. Of various local U(1) models,
the U(1)R, a gauge symmetry for right-handed fermions, is attractive for following reasons:
• its anomalies can be easily cancelled by introducing three right-handed Majorana
neutrinos only,
• it may occur in left-right symmetric models [14] and in SO(10) models [15, 16],
• it may solve the vacuum stability problem [17] without appealing to for extra Higgs
interactions,
but its phenomenology was not studied in detail in any reference.
In this paper phenomenology relevant to the U(1)R is investigated. We first focus on
constraint on the model from Z − Z ′ mixing since there is tree-level mixing between Z and
Z ′ in the local U(1)R model. Mixing angles of the ZR with Z and γ as well as the mass
spectrum of gauge bosons are calculated. It shows that the Z − Z ′ mixing puts a lower
bound on vΦ/v, which is the function of gR, where v is the vacuum expectation value (VEV)
of the SM Higgs, vΦ is the VEV of the scalar singlet Φ that breaks the U(1)R spontaneously,
gR is the gauge coupling of U(1)R, while the precisely measured Z boson mass puts a strong
constraint on vΦ/v: vΦ/v > 73.32.
Then we study how to naturally realize neutrino masses in the U(1)R model. The discov-
ery of the neutrino oscillations has confirmed that neutrinos are massive and lepton flavors
are mixed, which provides the first evidence for new physics beyond the SM. Canonical
seesaw mechanisms [18–20] provide a natural way in understanding the tiny but non-zero
neutrino masses. In the U(1)R model the mass matrix of right-handed Majorana neutrinos
originates from their Yukawa couplings with Φ, and is thus at the TeV-scale, such that it
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predicts a tiny Yukawa coupling of right-handed neutrinos with left-handed lepton doublets
if active neutrino masses are generated from the type-I seesaw mechanism. We show that
neutrino masses can be generated from the modified type-II seesaw mechanism, where the
scalar triplet carries no U(1)R charge and its coupling with other scalars breaks the B− L
explicitly.
After that we focus on the phenomenology of ZR-portal dark matter. The fact that
about 26.8% of the universe is made of dark matter with relic abundance Ωh2 = 0.1189, has
been firmly established, while the nature of the dark matter is still unclear. Imposing the
Z2-symmetry on right-handed handed neutrinos only, the lightest right-handed neutrino N
can be cold dark matter candidate. We study constraint on the model from the observed
dark matter relic density, the exclusion limits of the spin-independent direct detection cross
section mediated by Φ and H , as well as the spin-dependent direct detection cross section
mediated by the ZR. It shows that right-handed neutrino dark matter is available only for
its mass at near the resonance of SM Higgs, new scalar singlet and the ZR. Finally we
investigate collider signatures of the ZR at the LHC. Comparing its production cross section
at the LHC the with upper limits given by the ATLAS, we get the lower limit on the ZR
mass, which is the function of gR. It shows that the constraint from the dilepton search at
the LHC is stronger than that from the Z − ZR mixing only for gR < 0.121.
The paper is organized as follows: In section II we introduce the model in detail. In
section III we study constraint on the model from Z − Z ′ mixing. Section IV and V are
focused on the neutrino mass generation and the dark matter phenomenology, respectively.
We study the collider signature of ZR in section VI. The last part is concluding remarks.
II. THE MODEL
We formulate our model in this section. Only right-handed fermions and the SM Higgs
carry non-zero U(1)R charge which we normalize to be multiples of “β” . The SM provides
the even number of fermion doublets required by the global SU(2)L anomaly [21]. The ab-
sence of axial-vector anomalies [22–24] and the gravitational-gauge anomaly [25–27] require
that the SM should be extended with three right-handed neutrinos. We list in table. I the
quantum number of various fields under the U(1)R. The anomaly cancellations conditions
are listed in Table. II. In the following studies, we set β = 1 for simplicity.
3
fields ℓ QL NR ER UR DR H Φ
U(1)R 0 0 β −β β −β β −2β
Z2 + + - + + + + +
TABLE I: Quantum numbers of various fields under the local U(1)R, ℓL and QL are
left-handed fermion doublets, NR is right-handed neutrinos, Φ is the electroweak singlet
scalar.
anomalies anomaly free conditions
SU(3)2CU(1)R: −2(β)− 2(−β) = 0
U(1)2Y U(1)R: −
[
3
(
2
3
)2
β + 3
(
1
3
)2
(−β) + (−1)2(−β)
]
= 0
U(1)2
R
U(1)Y : −β2
[
3× 23 − 3× 13 − 1
]
= 0
U(1)R: − [β + (−β)]− 3[β + (−β)] = 0
U(1)3
R
: −[β3 + (−β)3]− 3[β3 + (−β)3] = 0
TABLE II: The anomaly cancellation conditions of the U(1)R.
The covariant derivative can be written as Dµ = ∂µ− igτaAaµ− ig′Y Bµ− igRYRB′µ, where
gR is the gauge coupling of U(1)R and YR = 0,±1. The scalar potential and the Yukawa
interactions take the following form:
V = −µ2H†H + λ(H†H)2 − µ2ΦΦ†Φ + λ1(Φ†Φ)2 + λ2(Φ†Φ)(H†H) (1)
LY = −QLYUH˜UR −QLYDHDR − ℓLYEHER −NCRYNΦNR + h.c. (2)
where H ≡ [G+, (h + iG0h + v)/
√
2]T with v the VEV of H and Φ ≡ (φ + iG0s + vΦ)/
√
2
with vΦ the VEV of Φ, YU , YD and YE are 3× 3 Yukawa matrices. The Yukawa interaction
of right-handed neutrinos with left-handed lepton doublets is forbidden by the Z2 discrete
flavor symmetry and the lightest NR is the cold dark matter candidate. Imposing the
minimization conditions, one has
m2h,φ = (v
2λ+ v2Φλ1)∓
√
(v2λ− v2Φλ1)2 + v2v2Φλ22 (3)
α =
1
2
arctan
[
vvΦλ2
v2λ− v2Φλ1
]
(4)
where α is the mixing angle between CP even scalars. The physical parameters in the
scalar sector are mh, mφ, α, v and vΦ, while all other parameters can be reconstructed by
4
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FIG. 1: Contours of θ13 (left-panel) and θ23 (right-panel) in the gR − vΦ/v plane.
them. The mixing angle α is constrained by the data from Higgs measurements at the LHC.
Universal Higgs fits [28] to the data of ATLAS and CMS collaborations were performed in
Ref. [9, 10, 29], and one has cosα > 0.865 at the 95% confidence level. The constraint from
electroweak precision observables is usually weaker than that from universal Higgs fit [30].
For the beta functions of λi and gR as well as their impacts on the vacuum stability of the
SM Higgs, we refer the reader to Ref. [17] for detail.
III. VECTOR BOSON MASSES AND MIXINGS
Masses of gauge bosons come from the spontaneous breaking of the SU(2)L × U(1)Y ×
U(1)R gauge symmetry. Since the SM Higgs carry non-zero U(1)R charge, there is mixing
between Z and ZR at the tree-level. The mass matrix of neutral vector bosons in the basis
(Bµ, W
3
µ , B
′
µ) is given by:
M2V =
v2
4
 g
′2 −g′g 2g′gR
−g′g g2 −2ggR
2g′g
R
−2ggR 4g2R(1 + δ)
 , (5)
where g, g′ are gauge couplings of SU(2)L and U(1)Y respectively; δ = 4v
2
Φ/v
2. In the limit
g
R
→ 0, one gets the mass matrix of of the SM gauge bosons. The mass matrix in Eq. (5)
can be diagonalized by the 3 × 3 unitary transformation, U †M2V U∗ = diag{0, M2Z , M2ZR},
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FIG. 2: Contours of ∆MZ in the gR − vΦ/v plane.
where U can be written in terms of the standard parameterization:
U =
 c12c13 s12c13 c13−c23s12 − c12s13s23 c12c23 − s12s13s23 c13s23
−c12c23s13 + s12s23 −c23s12s13 − c12s23 c13c23
 , (6)
with cij ≡ cos θij and sij ≡ sin θij . Mass eigenvalues of Z and ZR are
M2ZR(Z) =
v2
8
{
g2 + g′2 + 4g2
R
(1 + δ)±
√
−16δ(g2 + g′2)g2
R
+ [g2 + g′2 + 4g2
R
(1 + δ)]2
}
(7)
For the case 4g2
R
(1 + δ)≫ g2 + g′2, which corresponds to the decoupled limit, it has M2Z′ ≈
v2(1 + δ)g2
R
and M2Z ≈ (g2 + g′2)v2/4. Mixing angles are actually the function of gR and δ:
tan θ23 = −
g
2gR
(
1− g
2
R
v2δ
M2ZR
)
(8)
sin θ13 =
g′(M2ZR − g2Rv2δ)[
(g2 + g′2)(M2ZR − g2Rv2δ)2 + 4g2RM4ZR
]1/2 (9)
tan θ12 =
g′(M2Z − g2Rv2δ)
√
g2 + g′2
g [(g2 + g′2)(M2Z − g2Rv2δ)2 + 4g2RM4Z ]1/2
(10)
where θ12 corresponds to the conventional weak mixing angle, θ13 and θ23 are mixing angles
of γ − Z
R
and Z − Z
R
respectively.
Due to the Z−ZR mixing, ZR may decay into charged gauge boson pairsW−W+, which
process can be used to place constraint on the Z − ZR mixing using diboson production at
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the LHC. It shows that the Z − ZR mixing should be less than 0.7 ∼ 2× 10−3 [31] derived
from the data recoded by ATLAS and CMS collaborations at
√
s = 13 TeV with integrated
luminosities of 13.2 fb−1 and 35.9 fb−1, respectively. In Fig. 1, we show contours of the
θ13 (left-panel) and θ23 (right-panel) in the gR − vΦ/v plane. We take α(MZ)−1 = 127.918,
sin2 θW (MZ) = 0.23122 and MZ = 91.1876 GeV [32], which are used to get values of g
and g′ respectively. One can see from the right-panel of Fig. 1 that, the scale of the U(1)R
breaking should be at least one order higher than the electroweak scale. According to Eq.
(7), the Z-boson mass is slightly changed in the U(1)
R
model. There is thus constraint from
the precision measurement of the Z boson mass. We show in the Fig. 2 contours of ∆MZ ,
namely MZ −MobservedZ , in the gR− vΦ/v plane. It shows that ∆MZ is insensitive to the gR
when it is larger than 0.04. Using the ambiguity of the Z-boson mass given by the PDG [32],
which is ∆MZ < 0.0021 GeV, one has vΦ/v > 73.32 (vΦ > 18 TeV).
IV. NEUTRINO MASSES
In this section we investigate how to generate Majorana masses of active neutrinos in the
U(1)R model. The solar, atmosphere, accelerator and reactor neutrino oscillation experi-
ments have firmed that neutrinos are massive and lepton flavors are mixed. In our model
right-handed neutrinos do not couple to left-handed lepton doublets, so that the conven-
tional type-I seesaw mechanism does not work. We study the possibility of generating active
neutrino masses via the type-II seesaw mechanism. Interactions relevant to the scalar triplet
∆ with Y = 2 can be written as
−L∆ = M2∆∆†∆+
(
λ˜HT iσ2∆HΦ+ h.c.
)
+
(
ℓLY∆∆ℓL + h.c.
)
+ · · · (11)
where dots stand for interactions of ∆ that are irrelevant to the neutrino mass generation,
Y∆ is the symmetric Yukawa coupling matrix. Full expression of triplet interactions can be
found in Ref. [33]. After the spontaneous breaking of the SU(2)L×U(1)Y ×U(1)R symmetry,
the active neutrino masses can be written as
Mν = Y∆v∆ ≈ Y∆λ˜
v2vΦ
M2∆
(12)
where v∆ is the VEV of ∆. The smallness of active neutrino masses is own to the tiny v∆,
which is suppressed by the M2∆. Notice that interactions in the first bracket of Eq. (11)
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breaks the lepton number L explicitly and the global U(1)L can be recovered in the limit
λ˜→ 0. According to the naturalness criterion [34], λ˜ should be naturally small. In this case
∆ can be at the TeV scale and we refer the reader to Refs. [35–37] for signatures of ∆ at
the LHC.
V. DARK MATTER
About 26.8% of our universe is made of dark matter, whose relic abundance is measured
as ΩDMh
2 = 0.1198 ± 0.0015 [38]. Weakly Interacting Massive Particle (WIMP) [39] is a
promising dark matter candidate, since the observed relic density can be naturally derived for
a WIMP mass around the electroweak scale. In the U(1)R model, the lightest right-handed
Majorana neutrino can be cold dark matter candidate, stabilized by the Z2 symmetry
1. We
evaluate the relic abundance of the dark matter and study its implications in dark matter
direct detections in this section. The dark matter N mainly couple to the ZR, sˆ and hˆ, with
Lagrangian:
−L ∼ 1
2
Nig
R
γµγ5Z
µ
R
N+
1
2
mN
vΦ
N(cαsˆ− sαhˆ)N (13)
where N = NCR +NR, mN is the mass eigenvalue of N, hˆ and sˆ are the mass eigenstates of
h and s respectively. The interaction of N with Z can be neglected due to the tiny mixing
angle θ23.
The evolution of the dark matter density n is governed by the thermal average of re-
duced annihilation cross sections 〈σv〉, which can be approximated with the non-relativistic
expansion: 〈σv〉 = a + b〈v2〉. Contributions of various channels can be written as
〈σv〉sasb =
1
1 + δ
λ1/2(4, ζa, ζb)
1024πv2Φm
2
N
∣∣∣∣cαCsab4− ζs − sαChab4− ζh
∣∣∣∣2 〈v2〉 (14)
〈σv〉ZZ = s
2
2αm
4
Z
512πm2
N
v2v2Φ
√
1− ζZ
(
3− 4
ζZ
+
4
ζ2Z
) ∣∣∣∣ 14− ζs − 14− ζh
∣∣∣∣2 〈v2〉, (15)
〈σv〉WW = s
2
2αm
4
W
256πm2
N
v2v2Φ
√
1− ζW
(
3− 4
ζW
+
4
ζ2W
) ∣∣∣∣ 14− ζs − 14− ζh
∣∣∣∣2 〈v2〉 (16)
〈σv〉ff¯ =
nfCs
2
2αζf
32πv2
(1− ζf)3/2
∣∣∣∣ 14− ζs − 14− ζh
∣∣∣∣2 〈v2〉+
nfCg
4
R
192πm2
N
√
1− ζf
(
ζf + 2
) ∣∣∣∣ 14− ζZR
∣∣∣∣2 〈v2〉+ nfCg4R̺fZR
√
1− ζf
32πm2ZR
+
1 For the vector-boson portal neutrino dark matter, we refer the reader to Refs. [40–44] for detail.
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FIG. 3: The relic density of the dark matter as the function of the dark matter mass mN,
by setting cα = 0.9, ms = 750 GeV, vΦ = 2.5 TeV and mZR = 3.2 TeV. The horizontal line
is the observed dark matter relic density.
23ζ2f − 192̺fZRζ−1ZR + 8(30̺f2ZR + 12̺fZR + 1)− 4ζf(30̺fZR + 7)
768πm2
N
√
1− ζf
nfCg
4
R
〈v2〉∣∣4− ζZR∣∣2 (17)
〈σv〉Z′s =
c2αg
2
R
m4Z′λ
3/2(4, ζV , ζs)
1024πv2Φm
4
N
ζ3ZR
+O(〈v2〉) (18)
where λ(x, y, z) ≡ x2+ y2+ z2 − 2xy− 2xz− 2yz, ζX = m2X/m2N, ̺fZR = m2f/m2ZR ; δab = 1
(for a = b) and 0 (for a 6= b); Csisjsk are trilinear couplings; s2α = sin 2α, cα = cosα, nfC is
the color factor of f .
The final relic density can be given by [45]
ΩDMh
2 =
1.07× 109
Mpl
xF√
g⋆
1
a+ 3b/xF
(19)
where Mpl = 1.22 × 1019 GeV being the Planck mass, xF = mN/TF with TF the freeze-
out temperature, g⋆ is the effective degree of freedom at the freeze-out temperature. As an
illustration, we show in Fig. 3 the dark matter relic density as the function of the dark matter
mass mN by setting cα = 0.9, ms = 750 GeV, vΦ = 2.5 TeV and mZR = 3.2 TeV. The value
9
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FIG. 4: The rescaled spin-independent cross section (left-panel) and spin-dependent cross
section as the function of the dark matter mass, other inputs are the same as these in the
Fig. 3.
of gR is determined by gR ≈MZR/
√
v2 + 4v2
R
. The horizontal line is the experimental value
of the relic density. One can conclude from the plot that N is qualified dark matter only
when its mass lies near the resonance of hˆ, sˆ or ZR.
The spin-independent N−nucleus scattering cross section is
σSI =
µ2s22αm
2
N
4πv2v2Φ
(
1
m2h
− 1
m2s
)2
[Zfp + (A− Z)fn]2 (20)
where µ is the reduced mass of N-nucleus system, fp,n = mp,n(2/9 + 7/9
∑
q=u,d,s f
p,n
Tq
) with
f pTu = 0.020 ± 0.004, f pTd = 0.026 ± 0.005, fnTu = 0.014 ± 0.003, fnTd = 0.036 ± 0.008 and
f p,nTs = 0.118± 0.062 [46]. We show in the left panel of Fig. 4 the rescaled spin-independent
cross section, namely σSI×ΩDMh2/0.1189, as the function of mN with the same inputs of the
Fig. 3. We only focus on the resonant regime of sˆ in this plot since there is redundancy relic
density in other mass region and the resonant regime of ZR (hˆ) predicts a too heavy (light)
dark matter. The red-dashed and blue-solid lines are the exclusion limits of LUX 2016 [47]
and PandaX II [48] respectively. The available parameter space is shrunk compared with
the relic density allowed region.
Since N couples to ZR, there is spin-dependent cross section of N with nucleus which
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FIG. 5: Branching ratios of ZR decaying into various final states.
takes the following form
σSD =
g4
R
µ2
πM4ZR
( ∑
q=u,d,s
λq
)2
JN (JN + 1) , (21)
where λq reduces to ∆
p,n for scattering off free proton or neutron with ∆pu = 0.78 ± 0.02,
∆pd = −0.48 ± 0.02, ∆ps = −0.15 ± 0.02, ∆nu = −0.48 ± 0.02, ∆nd = −0.78 ± 0.02, ∆ns =
−0.15 ± 0.02 [46, 49, 50], JN is the angular momentum of the nucleus and it equals to 1/2
for free nucleons. We show in the right-panel of the Fig. 4 the rescaled spin-dependent cross
section of N with free neutron as the function of mN. The smallest excluded WIMP-neutron
cross section is σSDn = 4.3 × 10−41 at mDM = 45 GeV from the PandaX-II [51]. One can
conclude from the plot that the spin-dependent cross section at the resonant regime of sˆ is
much smaller than the current exclusion limit.
VI. COLLIDER SIGNATURES
In this section we investigate the signature of ZR at the LHC. ZR can be produced at the
LHC via the Drell-Yan process, while the diphoton channel provides a significant signature.
We first study the branching ratio of ZR. The decay rate of ZR into fermion pairs can be
11
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FIG. 6: Production cross section of process (pp→ ZR → ℓ+ℓ−) as the function of MZR , the
solid, dashed and dotted lines correspond to gR = 0.1, 0.2 and 0.3 respectively.
written as
Γ(ZR → f¯ f) = 1
1 + δf
nCf g
2
R
m
ZR
24π
(
1− m
2
f
m2
ZR
)3/2
, (22)
where δf = 1(0) if f is (not) identical particle. ZR can also decay into diboson pair (W
+W−)
due to its mixing with Z, which is suppressed by θ223 and will be neglected in the following
analysis. We show in the Fig. 5 the branching ratio of ZR decaying into various final states
as the function of mN by setting mZR = 3.6 TeV, where the solid, dashed and dotted lines
correspond to the decay channel of NN, e¯e and t¯t respectively. It shows that the branching
ratio of dilepton with discrete flavor is about 4.5%.
The cross section of the process pp→ ZR → ℓ+ℓ− can be written as
σ(pp→ ZR → ℓ+ℓ−) = 3
s
Γtot
MZR
∑
q
Cqq¯BR(ZR → qq¯)× BR(ZR → ℓ+ℓ−) (23)
where
√
s is the centre-of-mass energy, Γtot is the total width of ZR, BR(ZR → qq¯) and
BR(ZR → ℓ+ℓ−) are branching ratios of ZR decaying to qq¯ and ℓ+ℓ− respectively, Cqq¯ are
dimensionless partonic integrals with [52]
Cqq¯ =
4π2
9
∫ 1
M2/s
dx
x
{
q(x)q¯
(
M2
sx
)
+ q¯(x)q
(
M2
sx
)}
.
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Their numerical values are calculated with the NNPDF [53] at M = mZR . We show in
Fig. 6 the σ(pp → ZR → ℓ+ℓ−) as the function of mZR where the solid, dashed and dotted
lines correspond to gR = 0.1, 0.2 and 0.3 respectively. The green and yellow bands are
upper limits on the σ(pp→ ZR → ℓ+ℓ−) at the 1σ and 2σ separately, given by the ATLAS
collaboration [54] with 36.1 fb−1 of proton-proton collision data collected at
√
s = 13 TeV.
Since the vΦ is constrained to be vΦ > 18 TeV, there is lower bound on the ZR mass from
the Z−ZR mixing. By matching these two constraints, we find that the constraint from the
dilepton search at the CERN LHC is stronger than that from the Z − ZR mixing derived
from diboson search at the LHC and the precision measurement of Z boson mass only for
gR < 0.121 (MZR < 4.37 TeV).
VII. CONCLUSION
Although the U(1)R extension to the SM shares the same merit as the U(1)B−L extension
of the SM on anomalies cancellation, its phenomenology was not investigated in detail in
any reference except its effect in the vacuum stability of the SM Higgs. In this paper we
constrained the parameter space of the model using the updated results of the Z−Z ′ mixing
as well as the search of new resonance in dilepton channel at the LHC. Our investigation
shows that the constraint from the dilepton search at the LHC is stronger than that from the
Z − ZR mixing derived from diboson search at the LHC and the precision measurement of
Z boson mass only for gR < 0.121. We further studied the phenomenology of the ZR-portal
dark matter and the possibility of generating active neutrino masses in the same model.
It shows that the right-handed neutrino dark matter is self-consistent only for its mass at
near the resonant regime of hˆ, sˆ and ZR; the Majorana masses of active neutrinos can be
generated from the modified type-II seesaw mechanism. It should be mentioned that the
collider signature of sˆ is Di-Higgs in various channels. We refer the reader to Ref. [55] for
the Di-Higgs searches at various colliders for detail. sˆ may also be searched at the LHC via
the pp→ sˆ→ ZRZR → ℓ+α ℓ−α ℓ+β ℓ−β process if msˆ > 2mZR .
[Note added]: When this paper was being finalized, the paper [56] appeared, which par-
tially overlaps with this one in discussing constraint from the precision measurement of
Z-boson mass, They use approximated formulae when do this analysis, while we present
both full analytical and numerical results in this paper. Their study is largely complemen-
13
tary to ours.
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